The properties of three transducing phages derived from providence strains NCTC 9207, 9246, 9290 and phage M derived from Proteus morganii stimulation. The phages have deoxyribonucleic acid base compositions similar to the organisms which they transduce and density gradient centrifugation reveals that transducing activity forms single peaks 2 or 3 fractions heavier than corresponding plaque-forming particles.
INTRODUCTION
Proteus and providence organisms display many intra-and inter-group differences (Ewing, 1958) and their classification is uncertain. Rauss (1962) advocated a tribe Proteae with genera Proteus, Morgunella, Rettgerella and Providenciu ; Topley & Wilson's Principles (1964) excluded providence strains from a genus Proteus limited to ' vulgaris ', ' mirabilis ', ' morganii ' and ' rettgeri ' species. In an approach to this problem various gene loci of Proteus mirabilis, P. morganii and providence strains are being compared in this laboratory. With the former two organisms biochemical work is complemented with transduction studies using phages previously isolated (Coetzee & Sacks, 1960; Coetzee, 1966) . To apply this technique in the providence work it was decided to search for transducing phages active on members of this group. The present paper describes properties of such phages and additional features of the P. morganii (Coetzee, 1966) transducing system. irradiation of washed suspensions to about 1 yo survival. Replication was from MacConkey agar to minimal medium ; auxotrophs were identified auxanographically (Lederberg, 1950) .
Ultraviolet radiation. The Hanovia sterilamp and the methods used to irradiate phage suspensions have been described (Coetzee & Sacks, 1960) .
Preparation of phage lysates. Lysates with plaque-forming titres of about 5 x lo9 p.f.u./ml. were prepared by the agar-layer method previously used (Coetzee & Sacks, 1960) . Phage stocks were sterilized by membrane filtration (MF 30 Membranfilter Goettingen) or by adding 0.1 vol. chloroform. Purified preparations with titres of about 1 x 10l2 p.f.u./ml. were obtained by differential centrifugation according to Prozesky et al. (1965) .
Isolation of phage nucZeic acid. Density gradient centrifugation of phages. A sample (0.3 ml.) of phage suspension (about 1 x 10l2 p.f.u./ml.) was added to 3.0 ml. of a caesium chloride solution (Sheppard, 1962) . The mixture was centrifuged at 27,000 r.v./min. for 18 hr in a Spinco model L preparative centrifuge with swinging-bucket rotor no. SW-39. Single drops were collected in 2 ml. broth from the bottom of the centrifuge tube after puncture with a no. 22 syringe needle. The fractions were assayed for infective centres and transducing particles.
Electron microscopy. This was done as for proteus phages by the methods of Prozesky et al. (1965) .
Transduction techniques. The 23 providence phages were screened for ability to transduce the str-r marker. The adsorption mixtures and controls were constituted as before (Coetzee & Sacks, 1960) . After 20 min, at 30" the mixtures (or samples) were filtered through membrane filters (Iyer, 1962) . The membranes were incubated on nutrient agar for 4 hr to allow for delay in phenotypic expression of the marker (Coetzee & Sacks, 1960) before transfer to the surface of MacConkey agar containing 1 mg. streptomycin sulphate/ml. Colonies were scored after 48 hr at 37". With transductions of prototrophy to auxotrophic mutants the bacteria in adsorption mixtures were deposited by centrifugation after 20 min. The deposit was suspended in saline and samples plated on minimal media.
RESULTS
Three of the 23 temperate providence phages were able to transduce the str-r marker, The phages PL25, PL26, PL37 were present in the supernatant fluids of overnight broth cultures of providence strains NCTC 9207, 9246, 9290 respectively (Coetzee, 1 9 6 3~) .
These 3 providence strains can be distinguished by means of their susceptibility to a series of lytic phages (Coetzee, unpublished results) . These phages have identical host-ranges limited to providence NCTC 9211, 9295, on which they have equal efficiencies of plating and into which they transduce markers at about 3-9 x 10-7/adsorbed phage. Strains NCTC 9211, 9295 have the same biochemical reactions and belong to providence biogroup 1 (Ewing, 1958) . These strains can be distinguished by their reactions to the series of phages mentioned above. Phages PL 25, PL 26, PL 37 had no action on any of the other strains of the family Enterobacteriaceae examined. Recipient controls in transduction experiments had less than 10 colonies on the membranes as compared with hundreds on test filters. Phage controls were sterile and transduction rates were not affected by previous treatment of phage lysates with chloroform or deoxyribonuclease (Coetzee & Sacks, 1960) . Addition of potent antiphage serum, completely absorbed with recipient organisms, drastically decreased the transducing ability of phage suspensions. Phage &l lysates differ from these providence phages in that the transducing particles of the former are sensitive to chloroform. Two days after chloroform treatment the transduction rate of the str-r marker had decreased from 1 x 10-6 to 5 x 10-g/phage particle adsorbed, whereas the plaque-forming titre decreased by a factor of 2.
The 3 providence phages are more heat resistant than phage M. They undergo 95 yo inactivation a t 70" for 15 min. as compared with 99.9 yo for the latter phage (Coetzee, 1966) . Like phage M (Coetzee, 1966 ) the infectivity of the providence phages is Ca2+ independent. There was no difference between control titres and the titres recorded in the presence of 0.01 M-sodium citrate. Some of these data are presented in Table 1 . The providence phages are related serologically but are distinct from phage M ( Table 2 ). The morphology of the providence transducing phages is shown in P1. 
morganii phage antisera
Dilutions of phage antisera were mixed with the phages at 37'. Phage was assayed at intervals. The proportion of surviving phage was plotted against time. Survivals were first-order reactions from which neutralization constants were calculated. (Prozesky et al. 1965 ) which have similar morphologies. Clostridium perfringens phage 80 (Vieu, Gudin & Dauguet, 1965 No attempts were made to prevent secondary lysogenization of transduced clones (Coetzee & Sacks, 1960 ) and all colonies examined were lysogenized by the phage and resistant to lysis by any of the three providence phages. Unlike the Proteus mirabilis (Coetzee & Sacks, 1960; Coetzee, 1961; Bohme, 1963) and P . morganii (Coetzee, 1966) systems, lysogenized providence prototrophic transductants which originated from auxotrophic recipients still yielded str-r transductants (albeit a t lower rates) when treated with lysates prepared on str-r variants. This property allows a nice distinction to be made between the 3 providence phages ( Table 3) . Many other phages can transduce recipients previously lysogenized by them like P 22 (Yura, 1956 ), P 1 (Arber, 1960) (Matsushiro, Sat0 & Kida, 1964) . 
composition of deoxyribonucleic acids of phages and bacteria
Deoxyribonucleic acid isolated from phage or organisms was hydroiysed with formic acid and the bases separated by paper chromatography in two dimensions. Ultraviolet absorbing areas were removed from the paper and eluted with 0.1 N-HC~. The concentration of each base was quantitatively determined from its molar extinction coefficient. The differential effect of ultraviolet irradiation on the plaque-forming and transducing abilities of phages PL26 and M is illustrated in Fig. 1 . The effect of this treatment on the transduction rate of phage PL26 is similar to that on phages PL25, PL37 and Proteus mirabiEis transducing phages (Coetzee & Sacks, 1960 ) and many other transducing phages (Holloway et a,?. 1962) . The initial stimulation in transduction frequency with PL 26 was encountered for all three markers (str-r, ad-4, hi-2) tested. The behaviour of phage M was different. The transduction frequency of ad-I, try-I, hi-I, str-r (Coetzee, 1966) progressively decreased with time of irradiation of phage M. In this respect phage M resembles the Pseudomonas aeruginosa phage F l l 6 (Holloway et at. 1962) . Fig. 1 also shows Table 4 . Each phage and host have practically the same guanine +cytosine molar content. Transducing phages h (Schildkraut, Marmur & Doty, 1962) and P 2 2 (Sinsheimer, 1960) also have the same base compositions as their bacterial partners. Exceptions are encountered with the Bacillus subtilis transducing phages where the nucleic acid of phage SPlO (Okubo, Stodolsky, Bott & Strauss, 1963) differs physically from that of its host, and phage PBS2 has a deoxyribonucleic acid which does not resemble that of B. subtilis chemically or in base content (Mahler, Cahoon & Marmur, 1964 Drop no. Fig. 3 . Separation of infective and transducing particles of phage P L 25 by density-gradient centrifugation. Phage PL25 was prepared on strain NCTC 2925 str-r. A 3 ml. sample of phage and CsCl was centrifuged and 390 drops collected in tubes containing 2 ml. broth, one drop/tube. The plaque-forming and transducing titres were determined for the contents of tubes. Transductions of NCTC 9295 to str-r -0-, transduction of NCTC 9211 hi-2 and try-I t o prototrophy -0-,
Mean base content
methods used here correspond closely to the figures recorded by Falkow, Ryman & Washington (1962) for other strains of these organisms, which were determined by thermal denaturation of their deoxyribonucleic acids. Figure 2 shows the distribution of particles collected after 18 hr centrifugation from a mixture of phages M and PL25. Each phage gives a distinct band and single peak of activity with the former displaced to the heavy side. The recovery of both phages was always above 90 yo. Activities for transduction to wild type of NCTC 9211 hi-2, try-l and NCTC 9295 to str-r by centrifugal fractions of phage PL25 are pre-sented in Fig. 3 . Recovery of transducing particle input varied from about 60 yo to more than 90 yo, depending on the marker used. The curves are similar and show that transductions registered as single peaks coincident with, or up t o 3 fractions more dense than, those of infectious centres. Experiments were also done with phage M samples transducing str-r or prototrophy to strain NCTC 2815 ad-I. Results were similar to those obtained with phage PL25. Transducing activity for the two markers coincided in a peak three drops more dense than the corresponding plaqueforming summit. The above results were reproduced with three independently prepared phage stocks of PL25 and two stocks of phage M. These results resemble those obtained with transducing phage P 1 (Ting, 1962) and P 2 2 (Sheppard, 1962) . With the Bacillus subtilis transducing phage SPlO (Okubo et al. 1963 ) the curves representing the two types of activity were also single-peaked but were clearly separated by a number of fractions. Curves obtained here differ markedly from results recorded with Escherichia coli phages h (Weigle, 1961) and $80 (Matsushiro et al. 1964) . Low frequency of transduction lysates of these phages exhibited a broader density band than the corresponding plaque-forming particles with several peaks or humps.
DISCUSSION
The three serologically related and very similar providence phages described here can transduce many different regions of the donor chromosome. They are thus capable of gernalized transduction (Campbell, 1964) like phage M (Coetzee, 1966) .
The rates of transduction correspond to those of other phages able to produce this type of transduction (Coetzee & Sacks, 1960; Hayes, 1964) . As with the Pseudomonas aeruginosa (Holloway & Monk, 1959) , Staphylococcus pyogenes (Edgar & Stocker, 1961) . Proteus mirabilis (Coetzee, 1963 d ) , P. morganii (Coetzee, 1966) and Bacillus subtilis (Thorne, 1962) transducing systems, no abortive transductants (Ozeki, 1956) were observed.
The finding of Holloway et al. (1962) and Prozesky & Coetzee (1966) that ultraviolet irradiation of Pseudomonas aeruginosa phage F 1 16 and Proteus mirabilis phage 34/13 decreased the frequency of joint transductions may be taken in support of the theory (Jacob & Wollman, 1958) that this irradiation increases the frequency of exchange between the exogenote and bacterial chromosome. On these grounds the action of ultraviolet radiation on phage M transductions in decreasing the recovery of selected markers could be explained (Holloway et al. 1962) by assuming that phage M carries larger segments of bacterial chromosome than the providence phages and other phages which show an increased frequency of transduction with low doses of radiation. Unfortunately no joint transduction of markers has yet been found in the systems described here. Apart from the differential effect which ultraviolet radiation has on the plaque-forming and transducing properties of phage M lysates, chloroform affects the latter activity much more than the former property. Wilson (1960) encountered a similar phenomenon with Escherichia coli phage P 1.
With the h and P l phage Escherichia coli transducing systems there is evidence (Campbell, 1957;  Adams & Luria, 1958; Okubo et al. 1963) that markers from the donor bacterium replace homologous portions of phage chromosomes 'in some kind of hybridization process ' (Campbell, 1964) to form transducing particles.
Because of the close correspondence of deoxyribonucleic acid base composition between phages and bacterial partners described here, it is possible that donor fragments are also integrated into the transducing phage chromosome by a process of substitution similar to that proposed for the E . coli systems (Hayes, 1964; Mahler et al. 1964) . In Bacillus subtilis transducing systems, where there may not be enough genetic homology between phage and bacterium to allow pairing (Meynell, 1964) there is physical evidence (Okubo et al. 1963; Mahler et al. 1964 ) that here the bacterial donor fragments are not integrated into the viral chromosome but are packaged into the capsids of transducing particles by a process analogous to phenotypic mixing suggested by Zinder (1953) .
In contrast to the distinction obtained between transducing and lytic particles by radiation and chloroform treatments, these two types of particle band very closely with single peaks in CsCl gradients of the lysates. These results may mean that, unlike h (Weigle, 1961) and phage $80 (Matsushiro et al. 1964 ) the providence and Proteus morganii transducing phages are formed by the bacterial donor fragment replacing a phage segment of nearly equal size. It was hoped to show that at least one of the temperate providence phages examined with activity extending to other members of the Proteus group (Coetzee, 1963a) would prove capable of transduction. As in the case of the P . mirabilis (Coetzee, 1963d) and P . morganii systems (Coetzee, 1966 ) the transducing phages discovered here have a very restricted host-range which excludes the possibility of inter-species hybridization.
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